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CRYSTAL  CHEMICAL  SUBSTITUTIONS  OF  YBa,Cu307  B  TO 
ENHANCE  FLUX  PINNING 

T.  J.  Bang  an,  J.  C.  Tolliver,  J.  M.  Evans,  J.W.KeU 


1.  INTRODUCTION 
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substituted  superconductors  are  summarized,  to  provide  background  and  working  database 
tools  for  studies  of  flux  pinning  of  these  materials-  Pinning  studies  of  materials  prepared  by 
thin  film  deposition,  solid-state  reacted  powders,  and  melt-processed  are  included.  Important 
results,  treads,  and  peculiar  findings  will  especially  be  noted. 


YBa2Cu*Q?^  is  a  Cu-oxide  superconductor  with  an  oxygen  deficient  AB3  perovsltite 
structure  of  layered  Cu-0  planes  interspersed  with  Ba  and  Y  atoms  and  connected  with  CuO 
chain  structures.  Doping  on  the  Y  sites  is  easily  achieved  with  substitution  of  similar  ionic 
size  lanthanide  rare-earth  (RE)  ions,  (Lu,  Yb,  Tm,  Er,  Ho,  Dy,  Tb,  Gd,  Bit,  $m,  Pm,  Nd,  Pr, 
Ce,  La).  All  RE  elements  have  stable  +3  oxidation  state,  as  does  Y  in  the  YBCQ  structure. 
Several  of  the  elements  including  Ce,  Pr  and  Tb  have  stable  +  4  states,  and  Eu,  $m  and  Yb 
can  exist  in  +2  states.  Ce,  Pr,  and  Tb  do  not  easily  substitute  for  Y  due  to  their  preferred  +4 
stale  and  smaller  ionic  size  for  those  states  (0.97  A  for  Ce,  0.96  A  for  Pr,  0.88  A  for  Tb). 
Typically  doping  of  Ce  and  Pr  for  Y  with  very  small  levels,  <  0.1  mole  fraction,  is  necessary 
before  superconductivity  is  suppressed.  Lu  has  also  been  suggested  to  be  too  small  for 
substitution  for  Y.  The  rare-eailh  (RE)  ionic  radii  sizes  are  close  to  Y,  which  has  an  ionic 
radius  of  1  ;015  A,  Ionic  radii  of  the  lanthanide  series  range  from  0.97  A  for  Lu  to  LIS  A  for 
La  (Table  Q.  Paramagnetism  is  evident  in  the  RE  elements,  except  La3+,  Ce41',  Yb2+and  Lu3+ 
[7].  Partial  or  full  substitution  on  the  Ba  site  is  also  achieved  with  similar  ionic  radii  (1.42  A 
for  8-fold  coordination),  specifically  including  larger  RE  ions  La,  Pr,  and  Nd  and  Ca  2+  and 
Sr  +2.  Note  also  that  Pm  is  normally  not  considered  in  studies  of  rare-earth  substitutions 
because  it  is  a  synthetic  element  and  radioactive. 

3.  RE-123  PHYSICAL  PROPERTIES 

Studies  of  the  varying  RE  elements  in  REI23  superconductors  and  their  properties  are 
available  in  the  literature  for  the  lanthanide  series:  Lu  [9,10],  Yb  [1 1,12],  Er  [13,14],  Ho  [15], 
Y  [16-18],  Dy  [19,20],  Tb  [21-27],  Gd  [28*33],  Bu  [34,35],  Sm  [36-40],  Nd  [41-69],  Pr  [70* 
73],  and  mixtures  of  RE  [74-141].  While  review  articles  exist  and  summarize  many  of  the 
physical  parameters,  some  common  properties  have  not  been  summarized  for  the  RE  ions. 
Table  I  gives  physical  properties  of  the  RE123  superconductors,  which  are  used  in  daily  work 
in  sample  preparations  and  studies.  Consistent  trends  are  observed  as  a  function  of  RE  ion 
size;  e.g.  the  melting  point  increases  as  the  RE  ion  increases  (Figure  I),  and  the  final 
annealing  temperature  required  to  optimize  Tc  m  pure  Oi  atmosphere  reduces  steadily 
Melting  points  of  the  compounds  in  reduced  atmosphere  (1%)  are  not  as  well  documented 
mostly  because  of  the  lack  of  phase  diagrams  a!  such  pressures.  A  steady  increase  of  Tc  is 
observed  as  the  RE  ion  increases,  varying  from  about  90  K  and  increasing  to  -98  K  for 
Ndl23  [6]. 

Figure  2  plots  the  density  of  RE123  compounds,  from  values  listed  in  Table  I.  The 
theoretical  density  of  RE  1 23  increases  as  the  ionic  radii  decreases.  This  increase  results  from 
lattice  size  reduction  as  the  ionic  radii  decreases,  as  the  atomic  masses  do  not  vary 
significantly  for  the  varying  RE  dements.  The  theoretical  density  of  mixed  (Y i.xREx)123  is 
also  of  interest  for  day-to-day  use  in  laboratory  measurements.  Figures  3(a-f)  plots  the 
density  for  several  RE  ions  using  lattice  parameter  studies  from  the  literature. 
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Table  I.  Physical  and  Processing  Properties  of  R£iBa2Cu307.y. 
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Figure  1.  Peritectic  decomposition  (melting)  temperature  in  air  for  RBI  23  compounds  (Table 
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Figure  2.  Theoretical  density  of  RE  123  from  values  listed  in  Table  L 
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Figure  3(d-f).  Theoretical  density  of  (RE,Y)1 23  for  partial  substitution  of  Y  and  Ba;  (d)  top 
for  (Eu,Y)123  [115, 35],  (e)  middle  for  {Ce,Y)123  [75],  and  (f>  lower  for  (Nd,Y)123  [93]. 
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The  use  of  reduced  atmosphere  processing  is 
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use  at  77K.  For  example.  Figure  4  compare.  t69].  Powder, 

processed  with  a  final  high  t^peratoe  aime^  g  ^  h0wever  markedly  different  Tcs  as 
processed  in  air  or  1%  oxygen sOnifarly  othei  aulliom  have  observed  differences 
STp— ivi^L  tSU  RE  ions,  comparing  processing  in  air  .emu.  reduced 
oxygen  atmospheres  [105*131]. 
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orientations  are  also  conceivable;  for  example,  phases  can  form  as  aggregates  of  various  sizes 
and  size  distributions  or  in  columnar  structures*  The  variation  of  microstructures  are  expected 
to  cause  variations  of  microscopic  strain  surrounding  the  Y123  superconductor  regions.  In 
addition  to  localized  strains,  macroscopic  strains  are  expected  from  the  stress  on  the  entire 
composite  from  volume  fraction  additions  of  non-lattice  matched,  non-superconducting 
materials. 


{REo5Yo.5)B32CU307 


Figure  5.  Schematic  representation  of  possible  microstmctures  of  (Y0  5RE0  5) Ba2Cu3O7.fi 
superconductors  represented  by  unit  cells  (rectangles);  shaded  unit  cells  “  RE  123,  open  cells 
=  Y123;  note  unit  cells  are  not  exact  size.  Different  orientations  and  microstmctures  are 
conceivable,  depending  on  processing  kinetics  and  parameters. 
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the  equivalent  pinning  fields  for  those  defects  that  can  be  achieved  by  reducing  the  size  of 
defect  to  <8  nm3.  Values  in  Table  H  were  calculated  assuming  every  defect  can  pin 
individual  fiuxons  that  enter  the  superconductor,  and  that  dispersions  of  point-like  defects 
provide  effective  pinning  structures.  Initial  studies  demonstrate  that  dispersions  of 
nanoparticles  ~  8  nm  diameter  in  YBCO  provide  significant  increase  of  J0(H)  [  148, 149] . 

Table  n  demonstrates  several  important  trends.  (1)  By  reducing  the  defect  size  to  the 
order  of  -  2nm,  the  volume  fraction  can  be  reduced  as  low  as  (0.1-0.3)%  to  pin  fields  up  to 
(5-10)  T.  Therefore  even  small  volume  fraction  additions  can  be  considered  for  very  effective 
pinning.  This  indirectly  suggests  that  precise  control  of  the  composition  is  necessary  to 
control  pinning,  and  that  careless  laboratory  practices  might  accidentally  produce  significant 
pinning  without  knowledge  o  f  the  controlling  factors.  (2)  To  achieve  pinning  for  high  fields 
>  15  T?  the  defect  size  must  be  reduced  to  ~  4nm3  or  less  to  keep  the  volumic  fraction  of 
defects  <  20%;  Le.  the  defect  size  must  he  reduced  significantly  to  pin  the  very  close- 
proximity  fiuxons  that  penetrate  fee  superconductor  in  high  magnetic  fields. 

Table  13.  Defect  number  densities  required  to  reach  (one  defect/fluxon)  for  varying  applied 
magnetic  fields,  as  a  function  of  defect  size. 
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4nm3 

Defects, 

Volumic 

Fraction 

(%) 

8nm3  1 
Defects,  , 
Volumic 
Fraction 

(%L_ 

5 

5.0 

25,0 

125 

0*01 

0.1 

0.8 

6*4 

10 

7.1 

50,0 

354 

0.04 

0.3 

2.3 

18.1 

15 

8.7 

75*0 

650 

0.06 

0.5 

4.2 

33.3 

20 

10,0 

100.0 

1000 

0*10 

0*8 

6.4 

51.2 

25 

1  11,2 

125.0 

1398 

0.14 

1 A 

I  8.9 

71.6 

4.  CRITICAL  CURRENT  DENSITY  OPTIMIZATION 

One  of  the  goals  for  chemical  substitution  is  to  increase  low  or  self-field  Jcs  which  arc 
controlled  by  pinning  properties  and  important  for  power  transmission  applications. 
Maintaining  hi$i  J^self-field)  is  also  important  to  realize  improvements  of  pinning  at  higher 
fields;  for  example  we  have  observed  this  phenomenon  in  processing  Y123  films  prepared 
with  Y2BaCuOj  nanoparticle  additions  [148,149],  However  this  is  not  an  absolute  rule,  as 
different  trends  can  be  observed,  particularly  if  the  Jc(low-field)  values  are  orders  of 
magnitude  lower  [68,69]. 

Table  El  gives  fee  Jc(low-field)  properties  of  RE  substituted  Y123  compounds 
prepared  by  different  processing  methods.  As  seen  in  T  able  III,  a  large  number  of  rare-earth 
compounds  have  not  been  systematically  studied  for  RE  substitution  (to  our  knowledge). 
Also  the  processing  conditions  are  different  for  each,  material,  which  makes  it  difficult  to 
provide  a  direct  comparison  of  results.  Despite  these  differences,  however,  Table  IE  indicates 
that  many  of  the  RE  compositions  show  improvement  of  Jc  with  RE  substitution,  varying 
depending  on  the  RE  ion  and  the  amount  of  substitution. 
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Y^Dy* 

PLD  films 

1.027 

0.000 

0.200 

u.ouu 

2,800 

- r 

- — - 1 

0*400  , 

2.300 

0*600 

0.850 

0.800 

3.800  . 

— 

- 1 

1.000 

0.430 

1821 

I  Yi.xTb, 

powder 

1*040 

0.000  r 

0  200 

0.011 

0008 

i - - 

Y,.,Gd, 

sputter 

1  053 

0.000 

0.220 

J.  at  0.05T 

1281 

films 

0.200 

0.700 

0.400 

1.150 _ 

„  - 

0.000 

1:000 

jc-norm  for 

x“0 

11151 

powder 

0.100 

1.380 

L— — J 

0.200 

1.430 

0*300 

1.730 

_ 

0,400 

1.270 

, _ 

0.500 

1.360 

0-800 

1.320 

_ : 

0.700 

1*520 

0.800 

1.360 

0,900 

1,410 

1.000 

1*270 
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(Y,RE) 

123 

Process 

Method 

Ionic  Radii 
(A) 

Vltl  CN.  +3 

x 

Comments 

Reference 

MTG? 

1.066 

0.000 

0.027 

11281 

0.200 

0.053 

0.300 

0*056 

0.500 

0*030 

0.700 

0.040  ' 

0.800 

0*033 

1.000 

0.020 

Sm 

1 .079 

Pm 

1.093 

Yi-*Nd* 

1.109 

0.100 

0.043 

Jr  -  arb.  units 

E1081 

0*170 

0.069 

0.270 

0.021 

0.400 

0*043 

Yi*pr* 

1*126 

0*000 

0.010 

.m 

0.080 

0.004 

Ce 

1.143 

La 

1.160 

The  variation  of  Jc  with  RE  substitution  is  also  plotted  in  Figure  7  for  several  of  the 
RE  ions  from  Table  HE.  Figure  7  suggests  a  general  trend  that  doping  with  RE  mole  fractions 
of  either  around  0.25  or  0.75  enhances  low-field  Je  values.  The  mechanism  for  improvement 
is  presumably  similar  for  substitution  of  RE  for  Y,  or  vice-versa,  and  suggests  that  stress- 
induced  pinning  from  dissimilar  lattice  unit  cells  can  be  result  in  Jc  enhancement  [88,128]. 


Figure  7.  Effect  of  RE  substitution  on  Jc(Iow-field)  of  (Y  i.^REx)  1 23  from  Table  Ill. 
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4.1  Tb  SUBSTITUTION  FOR  Y  IN  Y123 


Terbium  is  unique  among  the  rare  earth  dements  whai  used  to 
T/tir,  rsi  n  Wbeo  used  to  replace  Y  in  Y- 123 ,  TbB&iLujU?^  ^  . 

to  to  to  strong  chemical  intermixing  beween  «»  Tb  ^  Bagmllmg  m  »  gjTbO,  jtae 
25  261  However  more  recent  research  has  shown  that  while  the  standard  i«  P™" 

*.  .o  b.  — “is;s£5?js; 

rS“«»o°&  C  in  onto  »  ■*»»  1"  “*  te  * 

be  sobsdtuted  into  Y-m  to  torn,  v 

The  ^  valence  states  o  _  '  ,  f -t  cf  Tb=  123  to  form.  However,  recent  research 

SSSS  S?. rt'Se  when  in  the  Y-123  phmc  (Ls-rige  XAMS  smdies)  and  is 
not  hybridized  [23]. 


4.2  Ce  SUBSTITUTION  FOR  Y  IN  Y123 


Ce  is  one  of  three  rare  earths  that  cannot  form  the  phase  REB^C^Or-d,  with 
two  being  Pr  and  Tb.  Also,  Ce  will  not  form  al23jh^SrM 
because  the  CeBa2Cu30M  phase  is  inhibited  due  *  Y  wto  Ce  in^  Y  123  films  to 

t %fl“oSSEdt^i1*  5o!ToJeI^  behavior  of  Ce  is  similar  to  that  of  Pr  in 

th* as  the  Ce  concenUation  different  fromSof 

However,  the  mechanism  for  the  reduction  of  T«  m  Ce  doped  u*  ul 
Pr  and  is  due  to  the  preferred  +4  valence  state  of  Ce  ions  [23  J. 

SUMMARY 

A  review  of  the  physics.  r!!~~fi*SZ£^?22Z£!£2Z 

™4l  size,  that  wo c  shows,  in  this  paper  to  be  «MUI  to 

achieve  ultra-small  detects  «  ™  ’  ^  ,  5  T„ia  while  a  significant  number  of 

S££5 S/’^SSL  of  RE  fo,  Y  0,  Y  fo,  RE  provides  signihetm, 
increase  of  low-field  Jc- 
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